Riboswitches are common cis-acting regulatory elements in bacteria. They are made of nascent RNA that changes its conformation in response to direct binding of cognate metabolites. The publication of five high-resolution crystal structures provides a comprehensive view of how riboswitches sense their ligands and points to new challenges in this emerging field. 20 Cell 126, July 14, 2006 ©2006 Elsevier Inc. platform, the thiamine pyrophosphate (TPP) sensing riboswitch can terminate transcription of downstream genes in Gram-positive bacteria, suppress translation initiation in Gram-negative bacteria, or even modulate splicing in some eukaryotic species (Figure 1, top). Diverse groups of genes are regulated by riboswitches. They are involved in sulfur metabolism and in the biosynthesis and transport of vitamins, coenzymes, amino acids, and nucleotides. In all cases, one of the end products in a metabolic pathway serves as a small molecule ligand for a cognate riboswitch that triggers repression of corresponding genes and feedback regulation, or, in some rare instances, gene activation.
endosome acidification is also enhanced by LPS-induced maturation (Trombetta et al., 2003) , which, according to the results of Savina et al. (2006) , should conspire against improved crosspresentation. There are probably a number of explanations for this apparent discrepancy including the fact that NADPH-oxidase activity is also boosted in dendritic cells following LPS-driven maturation (Vulcano et al., 2004) .
It is striking that neutrophils and dendritic cells recruit the same alkalinizing NADPH oxidase system to modulate protease activity in opposite directions for innate and adaptive immune purposes, respectively. In neutrophils the system is used, alongside other ion fluxes, to activate the granule proteases that mediate microbe killing. In contrast, dendritic cells use the same strategy to inactivate proteases that, for the most part, are not needed and may be deleterious for antigen crosspresentation (see Figure 1 ). These opposite effects are achieved because different sets of proteases are used by neutrophils and dendritic cells with different pH optima.
Finally, patients with chronic granulomatous disease have genetic defects in NADPH oxidase with about 65% lacking functional gp91 (Segal, 2005) . The Savina et al. findings suggest that the immunopathology of this condition might extend beyond the well-documented deficiency in neutrophil function-which leads to persistent bacterial and fungal infections-to involve defects in antiviral T cell responses, most of which are likely to depend on class I MHCrestricted viral antigen crosspresentation (Bevan, 2006 Norbury, C.C., Hewlett, L.J., Prescott, A.R., Shastri, N., and Watts, C. (1995) . Immunity 3, 783-791. Savina, A., Jancic, C., Hugues, S., Guermonprez, P., Vargas, P., Moura, I.C., Lennon-Duménil, A.-M., Seabra, M.C., Raposo, G., and Amigorena, S. (2006 Vulcano, M., Dusi, S., Lissandrini, D., Badolato, R., Mazzi, P., Riboldi, E., Borroni, E., Calleri, A., Donini, M., Plebani, A., et al. (2004) . J. Immunol. 173, [5749] [5750] [5751] [5752] [5753] [5754] [5755] [5756] Riboswitches are transcripts that sense metabolites. Since their discovery four years ago (Mironov et al., 2002; Winkler et al., 2002) , this new field has revealed the existence of a dozen riboswitches that regulate over 3% of all bacterial genes.
Riboswitches usually reside in the leader (5′UTR) sequences of bacterial operons and consist of an evolutionarily conserved metabolite-sensing domain coupled to a variable "expression platform." The expression platform directs a decisionmaking process by adopting one of two alternative conformations in response to ligand-induced changes in the sensor domain (Nudler and Mironov, 2004; Mandal and Breaker, 2004 ) has been estimated to be in the low nanomolar range, whereas even the most "sensitive" artificial aptamers, which have been selected in vitro for their ability to interact with a particular ligand, bind to the same small molecules with much higher K D . Why are riboswitches so selective? They readily discriminate between very similar small molecules. For example, the flavin mononucleotide (FMN) sensing riboswitch does not respond to a riboflavin molecule that differs from FMN by a single phosphate group, and the TPP-sensing riboswitch does not bind either thiamine or TMP (Mironov et al., 2002; Winkler et al., 2002) .
A series of impressive structural analyses reported in recent issues of Nature and Science address all these questions in full, revealing new and unexpected details of RNAsmall molecule interactions. Highresolution structures of four riboswitch sensor domains in complexes with their cognate ligands have been solved, including guanine/adenine (Serganov et al., 2004; Batey et al., 2004) , S-adenosylmethionine (SAM) (Montange and Batey, 2006) , and TPP (Thore et al., 2006; Serganov et al., 2006) . In the latter case, two structures of bacterial and plant origin were revealed, allowing a direct comparison from an evolutionary perspective.
The common theme in each case is that the RNA forms an unusually complex ternary structure stabilized by an intricate and eclectic mix of standard and nonstandard base pairs, hydrogen bonds, van der Waals, and electrostatic and stacking interactions to form a deep binding pocket that tightly accommodates all parts of the small molecule. The contact area between RNA and ligand is organized in such a way that almost every functional group of the ligand contributes to the interaction. For example, in the case of the TPP-sensing riboswitch, two parallel helices envelop the ligand on all sides (Figure 1, bottom) . Three nucleotide bases in the middle of the first helix bind directly to a pyro- The TPP-sensing riboswitch, for which the sensor domain structure has now been solved, is used here as a representative example (Serganov et al., 2006; Thore et al., 2006) . (Top) Depending on the expression platform, the TPP riboswitch acts as a transcription terminator (left), as a suppressor of translation initiation (middle; the ribosome binding site is indicated in violet), or as a modulator of splicing (right) (Mironov et al., 2002; Winkler et al., 2002; Kubodera et al., 2003) . (Bottom) The contacts between TPP and the riboswitch sensor domain are summarized (adapted from Thore et al., 2006) . The TPP binding pocket is formed by two parallel helices: a pyrophosphate binding helix (blue) and a pyrimidine binding helix (pink). TPP is shown in orange, Mg 2+ is in red, nonstandard base pairs are in green, and hydrogen bonds are shown by black lines. TPP binding stabilizes the three-way junction with A72, thus helping the sensor domain to sequester the segment (blue, highlighted) that would otherwise participate in the alternative structure of the expression platform. Similar structural principles for the binding of ligands to RNA have been demonstrated for other riboswitches (Batey et al., 2004; Serganov et al., 2004; Montange and Batey, 2006) . phosphate moiety and two neighboring bases coordinate a putative bridging Mg 2+ ion. A thiazole ring of TPP also makes contact with a phosphate group of this helix. On the other side, four bases within a bulge of the second helix bind to the pyrimidine ring of TPP via stacking and hydrogen bond interactions. The two helices are connected to each other not only through TPP: at one face of TPP they form a tetraloop/receptor type interaction, and at the other they form a three-way junction with coaxial stacking (Figure 1, bottom) . These are characteristic structural features also observed in guanine and SAM riboswitches (Batey et al., 2004; Serganov et al., 2004; Montange and Batey, 2006) . As a result, TPP appears to be completely buried inside a tightly closed cage. The ligand, however, is not just a prisoner inside RNA. TPP as well as SAM and guanine play an active structural role in stabilizing their respective cages. Apart from an ambiguity regarding the number of Mg 2+ ions involved, the two TPP riboswitch structures strikingly resemble each other-a vivid illustration of evolutionary conservation among riboswitches even from very distant species.
The level of complexity in riboswitch-ligand interactions rivals the complexity of interactions between small molecules and proteins, which explains their extraordinary affinity and the selectivity of these natural RNA aptamers. Like proteins, riboswitches use various strategies to distinguish between closely related small molecules. For example, guanine and adenine riboswitches rely on the precise positioning of the ligand against a complementary base (cytosine or uracil) (Batey et al., 2004; Serganov et al., 2004) , whereas TPP and SAM riboswitches measure the length of their ligands (Thore et al., 2006; Serganov et al., 2006; Montange and Batey, 2006) . Even a few angstrom difference, such as between S-adenosylcysteine (SAC) and SAM (which is longer by one methyl group), is sufficient for the ligand carboxyl to miss critical hydrogen bonding, hence the ?10 3 -fold difference in K D between SAM and SAC. A similar molecular ruler is likely to operate in the FMN binding pocket, for which the structure has yet to be determined. The known structures reveal other direct and indirect means of ligand recognition. Interestingly, in contrast to proteins that have TPP and SAM as cofactors, the geometry of these ligands is not distorted upon binding to riboswitches, suggesting that RNA and protein have a different logic in tackling the problem of ligand recognition and specificity. The sensor domain of a riboswitch ought to be large enough to maintain its complex three-dimensional architecture, which may explain the size difference between natural and artificial aptamers. Moreover, sensor domains also carry extra information on how to transmit the signal to the expression platform, which inevitably adds to their size. The structures also reveal the mechanics of signal transduction by showing that an RNA segment that is shared between the sensor domain and expression platform is an integral part of the ligand binding structure. It is reassuring that all riboswitch structures are consistent with most of the genetic, biochemical, and phylogenetic data, ruling out the possibility of significant distortion caused by crystal packaging and/or crystallization conditions. An important general issue not addressed by the structures, however, is a dramatic inconsistency between apparent K D and the working concentration of a ligand, that is the concentration required to affect riboswitch functioning in vitro and in vivo. For example, the TPP binding riboswitch displays an apparent dissociation constant of ?50 nM (Winkler et al., 2002) , whereas the TPP concentration at which one can detect its effect on transcription termination is in the micromolar range (Mironov et al., 2002) . In my opinion, this apparent paradox stems from the cotranscriptional nature of riboswitch folding. Contrary to what the name "riboswitch" suggests, these cis-regulatory elements are not designed to switch their conformation back and forth in response to ligand availability. The decision is likely to be made only once in the lifetime of these RNA molecules. It takes place during transcription elongation, when the growing nascent RNA is still free to choose between two alternative folding pathways. Soon after the RNA polymerase has synthesized the sensor portion of the riboswitch this opportunity is gone because the energy barrier for altering the already folded leader transcript would be too great for the sensor domain to overcome. Because the normal elongation rate of bacterial RNA polymerase is ?50 nt/s, the time window must be very narrow (a second or so) for the ligand to bind. Hence the working concentration of the ligand must be higher than one would expect from the apparent K D . Therefore, to fully understand riboswitch functioning, the atomic resolution picture of ligand-RNA contacts needs to be put in the context of the whole expression platform, its folding process, and kinetic coupling dictated by the RNA polymerase.
Considering the rigid evolutionary conservation of known riboswitches in all three kingdoms of life, it is surprising that none have been found in animals and that only one, the TPP riboswitch, has been discovered in plants. The common structural principles of the sensor domains could now be used to search for new riboswitches in addition to conventional bioinformatics. The fact that completely different sensor domains can recognize the same small molecules, as in the case of two SAM-sensing riboswitches (Fuchs et al., 2006) , suggests that riboswitches may take different evolutionary paths to achieve similar goals. The general principles of riboswitch architecture revealed by the structures may thus provide a key to more sophisticated searches.
Another, more practical implication of the riboswitch structures is the possibility that ligand analogs could be designed rationally that would trick riboswitches into forcing a microbial cell to shut down essential metabolic pathways. Examples of antibacterial and antifungal compounds targeting riboswitches already exist, such as the TPP analog pyrithiamine (Kubodera et al., 2003) ; however, they are toxic to animals for reasons unrelated to riboswitches. The new structures provide clear guidelines on how to design more specific and safer riboswitch-targeting drugs.
In the eukaryotic nucleus, chromatin carries not only genetic information encoded in the DNA but also epigenetic information carried by histone proteins in the form of reversible covalent modifications. Many of these modifications occur at the unstructured histone "tails" that are predicted to protrude between the gyres of nucleosomal DNA that encircle the histone core. These modifications may regulate access to the DNA and thus influence nuclear processes, such as transcription. Accumulating evidence suggests that these modifications are part of a histone code and that they act as highly selective binding platforms for the association of specific regulatory proteins (the code readers). Four papers recently published in Nature from the Patel, Kutatelade, Allis, and Gozani laboratories have increased our understanding for how this code may be read. These authors show that the plant homeodomain (PHD) finger is a highly specialized methyl-lysine binding domain that is found in a variety of proteins and that regulates gene expression (Figure 1 ; Li et al., 2006; Peña et al., 2006; Shi et al., 2006; Wysocka et al., 2006) .
In recent work, high-resolution chromatin immunoprecipitation has revealed distinct distributions and associations for the different modifications throughout the genome. For example, methylated lysine 9 (K9) or K27 on histone H3 are generally associated with genes whose transcription is repressed, whereas methylated K4, K36, and K79 are found in active chromatin. Moreover, "active" marks show distinct distributions over transcribed genes. The trimethylated form of K4 (K4me3) is found at the 5′ region of active genes together with acetylated lysines. By contrast, K36me3 generally accumulates toward the 3′ region of active genes that is also associated with deacetylated lysines. A key question is how these simple small chemical modifications, found on relatively large histone proteins, make such a big difference to nuclear processes, particularly gene regulation.
Accumulating evidence suggests that evolutionarily conserved domains within code-reader proteins bind to certain histone modifications with very high specificity, thereby distinguishing the same modification at different residues, for example trimethylation at K4, K9, and K27. Both the sequence environment surrounding the methylated lysine and the distinctive folds in otherwise conserved domains on the reader
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